An analytical solution describing the fate and transport of pesticides applied to soils has been developed. Two pesticide application methods can be simulated: point-source applications, such as idealized shank or a hot-gas injection method, and a more realistic shank-source application method that includes a vertical pesticide distribution in the soil domain due to a soil fracture caused by a shank. Th e solutions allow determination of the volatilization rate and other information that could be important for understanding fumigant movement and in the development of regulatory permitting conditions. Th e solutions can be used to characterize diff erences in emissions relative to changes in the soil degradation rate, surface barrier conditions, application depth, and soil packing. In some cases, simple algebraic expressions are provided that can be used to obtain the total emissions and total soil degradation. Th e solutions provide a consistent methodology for determining the total emissions and can be used with other information, such as fi eld and laboratory experimental data, to support the development of fumigant regulations. Th e uses of the models are illustrated by several examples.
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Analytical Solution Describing Pesticide Volatilization from Soil Aff ected by a Change in Surface Condition
S. R. Yates* USDA-ARS F or decades, pesticides have played a role in increasing the production of crops and commodities while also improving food quality. At the same time, pesticide use has led to adverse air pollution, ground water contamination, and human toxicity eff ects from exposure to pesticide vapors. Recent examples of degraded environmental systems include the production of near surface ozone (i.e., smog) due to pesticide volatile organic compound (VOC) emission and chemical reactions in the atmosphere. Both situations can cause signifi cant adverse health eff ects in people living in agricultural areas.
Th e role of gas-phase transport and volatilization has been clearly shown to be an important process aff ecting the environmental fate of pesticides (Jury et al., 1983; Taylor and Spencer, 1990) . For some chemicals, volatilization is the most important processes governing transport from soil. Even for moderately volatile pesticides, such as the herbicides triallate (Yates, 2006) , metolachlor (Prueger et al., 2005) , terbutryn (Tabernero et al., 2000) , EPTC (Baker et al., 1996) , and trifl uralin (Majewski et al., 1993) , volatilization can contribute signifi cantly to atmospheric emissions.
In California, fi ve of the top 10 active pesticide agents are soil fumigants. In 2005, 15 300 tonnes of fumigant chemicals were applied to soil (California Department of Pesticide Regulation [CDPR], 2005) , and, due to their large application rates, soil fumigants have become heavily regulated in an eff ort to reduce atmospheric levels of ozone.
Th ere is currently a great deal of interest in increasing knowledge of volatilization of pesticides under fi eld conditions. In California, large regions of the state are heavily infl uenced by agriculture. Pesticide use has the potential to increase VOC emissions to the atmosphere and has become a serious concern in California's interior valleys due to a new federal 8-hr ozone standard. Reduction of VOC loading to the atmosphere can be achieved by reducing pesticide emissions from treated soil, prompting state agencies to develop regulations to control pesticide atmospheric emissions. In general, the control strategies increase the cost of agricultural operations and reduce pest-control options. Th erefore, information is needed to ensure that new control strategies are justifi ed based on an anticipated reduction in emissions.
In California, the current methodology used to obtain emission information involves conducting large-scale fi eld experiments and measuring pesticide emissions. Continuous and extensive air sampling of the near-surface atmosphere is essential for generating representative concentration profi les that can be used to estimate the volatilization rate. Also, simultaneous measurements of many soil and/or ambient atmospheric conditions are required for calculating volatilization fl ux using methods such as the aerodynamic method, the theoretical profi le shape, and integrated horizontal fl ux method (Denmead et al., 1977; Wilson et al., 1982; Majewski et al., 1990; Yates et al., 1996) .
Th ere are signifi cant diffi culties using fi eld experimentation as a basis for creating a consistent set of regulatory decisions, experimental error and uncertainty being most prominent. If fi eldscale experimentation is used as the sole basis for developing rules governing pesticide use, vast experimental data is needed to ensure statistically and theoretically consistent results. Part of the problem stems from the inability, in an outdoor environment, to isolate single aspects of the fate and transport process. Instead, all processes occurring during the experimental period aff ect the experimental results. So, for example, if a rule is needed to create permitting conditions based on the emission from deep fumigant application, as opposed to shallow application, fi eld experiments will provide outcomes that include this experimental factor but will also be aff ected by other complicating soil, chemical, and environmental conditions. When the data are compiled, there is no guarantee that deep-application fi eld experiments conducted at diff erent places and times will provide total emission values that are lower than the experiments conducted with a shallow-application treatment at other places and times. Even though one would expect that experiments conducted in exactly the same way and at the same place and time would demonstrate theoretically correct outcomes, this is not practically possible, so alternative methods are necessary to be certain that regulations are statistically and theoretically consistent.
Pesticide fate and transport models have been used successfully to screen and to categorize pesticides into groups based on their physical-chemical properties and transport behaviors. For example, a screening model was developed (Jury et al., 1983) to assess relative volatility, mobility, and persistence of pesticides in the soil. Other researchers (Rao et al., 1985; Loague et al., 1989) have developed approaches based on the retardation and attenuation factors, allowing pesticides to be categorized based on adsorption and degradation. Th is can be used to develop approaches to minimize adverse eff ects as well as to identify potential future problems when new compounds are developed that have similar properties to existing pesticides. A similar approach can be used to assist regulators in developing a theoretically valid set of rules to minimize emission of soil fumigants.
Th e purpose of this paper is to report on the development of two analytical solutions that could be used by regulators to determine volatilization rates, emission fractions, and the relationship between soil-chemical properties and emissions. Th is research was motivated by a lack of relatively simple methods available to determine the eff ect of altering application methods on pesticide effi cacy and total emissions into the atmosphere.
Methods

Description of Soil Fumigation Practices
Before fumigation, various tillage operations are conducted to remove any compacted layers between the surface and approximately 0.75 m (e.g., hard pans) and to break up large soil aggregates that might interfere with fumigant diff usion. Th is operation tends to create a relatively homogenous soil. A week or two before fumigation, the fi eld is usually irrigated and allowed to drain so that the soil water content is relatively uniform with depth. For hot-gas and shank fumigations, the soil is relatively dry with limited water movement during the fumigation event.
Th e fumigant is applied using a tractor containing shanks mounted on a tool bar. Th is provides a series of injection paths (line sources) as the tractor travels down the fi eld. Often, the injection paths are spaced laterally approximately 0.25 to 0.30 m apart. For fumigations that include a surface tarpaulin, the plastic material is carried behind the tool bar and is rolled out over the soil in a continuous operation, producing a continuous high-density polyethylene (HDPE), or other material, cover across the surface of the fi eld.
Th ese fumigant application methods produce symmetrical patterns as shown in Fig. 1 , where one shank is presented as either a point source or a rectangular source. For these situations, a source zone is located at the center of the simulated domain and impermeable boundaries occur at the center spacing between nozzles. A volatilization boundary condition is used at the surface, and vertical soil diff usion is assumed to be unlimited.
Model Description
Th e solutions are intended to describe the transport of a volatile organic chemical (i.e., fumigant, pesticide, or VOC) in a 1-dimensional (vertical) or 2-dimensional soil domain. It is assumed that the water content of the soil is suffi ciently low so that water movement over the relatively short time period of the emission event (i.e., weeks) can be neglected and that the soil diff usion coeffi cient and surface mass transfer coeffi cient at the soil-atmosphere interface are suitable constants representing the conditions during a fumigation event.
To characterize movement in porous media, an equation is necessary to describe vapor diff usion (Bear, 1972) , along with appropriate initial and boundary conditions. For volatile organic chemicals, an appropriate transport equation is
where x and z are the horizontal and vertical distances (cm), respectively; C, S, and G are the concentrations (g cm ). Th e subscripts L, s, and G indicate liquid, solid, and gaseous phases, respectively. Th e model allows both liquid and vapor diff usion, assumes that volatile solutes are partitioned between the liquid and gas phases following Henry's Law, and that partitioning between liquid and solid phases follow a linear Freundlich isotherm. Soil degradation is simulated using a fi rst-order decay reaction, and the rate constants can diff er in each of the three phases (i.e., liquid, solid, or gaseous).
Th e total concentration, C T , is defi ned as
Th e soil-atmosphere boundary condition is described using
where h is a mass transfer coeffi cient (cm s -1 ), q is the Darcian fl ux density (cm s
Since the soil is relatively dry during fumigation, the Darcian fl ux, q, is assumed to be zero. Lastly, G air is the gas concentration in the atmosphere above a stagnant boundary layer at the soil surface and is also assumed zero.
Th e mass transfer coeffi cients (Jury et al., 1983) are defi ned as
where b is the thickness (cm) of a stagnant boundary layer located at the soil surface and air g D is the binary diff usion coeffi cient for the chemical in pure air. Th e thickness of the boundary layer controls vapor transport away from the soil surface. In Eq.
[4], the boundary-layer thickness, b, embodies the processes that aff ect the transport of a chemical across the soil-atmosphere interface.
The Concentration-time Index
A concentration-time index, C Time , is a useful means for determining the potential eff ectiveness of pesticide application. Th e concentration-time gives a method to assess the eff ect of an organism's exposure to toxic material. With knowledge of the relationship between exposure and mortality, C Time can be used to predict the eff ectiveness of pesticide application. Th e concentration-time index (Goring, 1962 ) is defi ned as
and the total (i.e., maximum value) concentration-time index is the limit as t → ∞.
Solution Method
For an important class of 2-D or 3-D problems, a multidimensional solution for chemical transport can be obtained from multiplying the solutions to the associated 1-D problems (Carslaw, 1959, see Section 1.15 ). Th at is, the solution for fumigant transport in a 2-D vertical plane can be obtained using 
Th is approach simplifi es the development of analytical solutions since it allows a variety of 1-D problems to be combined to provide solutions in two dimensions.
Solution for Transport in the Horizontal Direction
An appropriate 1-D governing equation and boundary conditions for pesticide transport in the horizontal direction (i.e.,
Due to the nature of the solution method, the degradation term can be included in both partial diff erential equations (i.e., x and z directions) as (μ/2) C T or can be included in only one of the partial diff erential equations as the term μ C T . Th e latter approach has been adopted herein so that the solution for the vertical direction can be directly used for 1-D problems. A general solution to Eq.
[8] is ( ) where L is the distance between shanks (cm), k n are the eigenvalues, and f(x) describes the initial concentration in the x direction.
Solution for Transport in the Vertical Direction
An appropriate governing equation and boundary conditions for pesticide transport in the vertical direction (i.e., z) is
where g(z) describes the initial fumigant concentration in the vertical direction.
A general solution to Eq.
[10] can be obtained using Green's functions (Haberman, 1983) :
Conditions
(Initial Condition) [11] Since no source term is considered, S(z, t) is zero, which simplifi es evaluation of Eq. [11] .
Th e free-space Green's function for transport in the vertical direction is
and satisfi es the partial diff erential equation for an infi nite domain. A Green's function that also satisfi es the surface boundary conditions is
Equation [13] forms the basis of the solutions expressed herein.
Solutions for a Point Source Initial Condition
Th e concentration, total volatilization, and total concentration-time index, respectively, are 
( , , ) 1 2 ( ) ( )
Equations for a Rectangular (i.e., Shank) Source
During soil fumigation, the presence of a shank moving through the soil causes an elongated rectilinear disturbed zone to a depth z o . After the shank passes, the surface soil is disked, eradicating the disturbance to a depth of z d , which is usually about 10 to 20 cm. Th e geometric description of a shank disturbance would be highly complex; however, here it is simply approximated by a rectangle.
Th e concentration, total volatilization, and total concentration-time index, respectively, are
Changes in Surface Resistance to Volatilization
Th e Green's function solution provides an easy method to simulate changes in parameters at some time, t o , after application. For tarp-shank fumigation, a surface tarpaulin is generally removed a few days after application. Th is has a signifi cant eff ect on emissions since the diff usion resistance at the soil surface abruptly changes. Th e solutions above can be used to simulate these situations as follows:
Results and Discussion
To calculate a value for the concentration at a specifi ed place and time, either Eq. [14] or Eq.
[17] must be evaluated. As a verifi cation step, the 1-D solutions were compared with a fi nite-element model, Hydrus 1-D (Simunek et al., 2005) . Th is provides a means to verify the methods used to obtain the solutions and to provide evidence that the programming and implementation were error free. Combining graphs of the numerical and analytical solutions on the same page were visually identical; therefore the data are not shown here. In addition, a more rigorous verification step was to incorporate the solutions above into either Eq.
[8] or Eq.
[10] and use a symbolic mathematical software system (i.e., Mathematica, Wolfram Research, Inc., Champaign, IL) to show that the equations evaluate correctly.
To illustrate the analytical solutions, several examples were constructed based on recent fi eld experiments to measure methyl bromide emissions from a 3.5-ha fi eld covered by highdensity polyethylene (HDPE) tarpaulin (Yates et al., 1996) and numerical simulations conducted by Yates et al. (2002) . For this experiment (see Table 1 ), the water content, θ; porosity, θ s ; bulk density, ρ b; sorption coeffi cient, K d ; and Henry's coeffi cient, K H ; were, respectively, 0.1, 0.4, 1.5 g cm , 0.1 d −1 , and 25 cm, respectively. Methyl bromide was injected into the soil at 25-cm depth at 240 kg ha -1 . Th e fi eld was covered by a highdensity polyethylene tarpaulin which has a value for H E of 4.5 cm d −1 . For a bare soil surface, H E was 4257 cm d
, and for a low permeability tarpaulin (VIF), H E was 0.023 cm d −1 . Shown in Fig. 2 are the predicted total emissions after methyl bromide application from a point source. Th e total emissions, as a fraction of the amount applied, were calculated by
Figure 2 demonstrates how the solution can be used to determine the eff ect of several model parameters on the total fumigant emissions.
Eff ect of Surface Cover Time
In Fig. 2A , the eff ect of the time interval during which a surface tarpaulin covers the soil surface is presented for the standard HDPE fi lm. Typical fumigations use HDPE fi lms as the surface barrier covering the fi eld for 5 d. Th e model predicts that approximately 55% of the applied fumigant will escape to the atmosphere. Th is compares with fi eld measured values that ranged from 64% (±10%) for micrometeorological methods and 58% for fl ow-through chamber methods. Also shown are the predicted total emissions when a VIF is used. It is clear that using an expensive impermeable fi lm may not be justifi ed if the tarp is removed after 5 d, since the total emissions are only reduced to 47% (i.e., a 15% reduction). However, increasing the cover period to 15 d reduces emissions to 22%, or a 60% reduction. Th is compares with fi eld measurements that indicate removing a VIF after 5 d (Wang et al., 1997) reduced emissions from 58% (±8%) under HDPE to 38% (±2%) for VIF. Furthermore, removing the VIF 15 d after application reduced fumigant emissions to less than 5% (i.e., 91% reduction). It appears that the methyl bromide degradation rate for this study was somewhat higher than the value used in the simulation. It is also revealed in Fig. 2A that using HDPE or a VIF provides signifi cant benefi t in reducing emission when compared to leaving the soil surface bare, which results in 77% emissions. Th is compares with fi eld measurements of 89% (Majewski et al., 1995) .
Eff ect of the Mass Transfer Coeffi cient
Th e mass transfer coeffi cient gives an indication of the resistance to diff usion from the soil into the atmosphere. Various soil and application factors can aff ect the mass transfer coeffi cient and include use of fi lms, soil-water seals, and soil compaction, to name a few. Shown in Fig. 2B are predicted total methyl bromide emissions for 1, 5, and 30-d cover periods and a range of H E . After the cover period, the soil surface is assumed to be bare and has a mass transfer coeffi cient, H E , of 4257 cm d −1
. For standard HDPE, the mass transfer coeffi cient, h, has been measured at 9.12 cm d −1 (Papiernik et al., 2001 ) and the value for a VIF fi lm has been estimated to be more than 200 times less than HDPE (Wang et al., 1999) . For very short cover periods, the mass transfer coeffi cient has little infl uence on the total emissions. For longer cover periods, signifi cant reductions in emission can be obtained by utilizing management practices that reduce the mass transport coeffi cient (i.e., surface water seals, impermeable plastic fi lms, and soil compaction).
Eff ect of the Injection Depth
It has been long known that applying fumigants deeper in soil reduces total emissions to the atmosphere. Th is is shown clearly in Fig. 2C for bare soil and for 5-d HDPE and VIF surface covers. Typical methyl bromide fumigation under HDPE occurs at approximately 25-cm depth. Increasing the application depth to 68 cm reduces total predicted emissions from 55% to 41%, a 25% reduction. As the injection depth increases, the surface boundary resistance becomes less important. Although not practical in most agronomic settings, nearly identical results occur for injection depths that exceed 1 m.
Eff ect of the Degradation Rate
Th e fumigant degradation rate strongly aff ects the total emissions to the atmosphere. Th is is clearly presented in Fig.  2D for fumigations conducted with bare soil and HDPE-and VIF-covered surfaces. As expected, without degradation in the soil, total fumigant emissions will always approach 100%. When the soil degradation rate is in the range common to fumigants (i.e., 0.05-0.35 d ), signifi cant reductions in emissions can occur when using HDPE and VIF covers.
Eff ect of the Tarpaulin Removal
In most shank fumigation application methods, the surface barrier is removed several days after application. Th e consequence of removing the surface barrier is seen clearly in Fig.  3 , where a HDPE or a VIF tarp is removed after 5 d. Before removal, emissions from soil covered by VIF are nearly zero. At removal, there is a large peak emission that occurs because the concentration distribution near the soil surface builds up under the plastic and is quickly dissipated by volatilization. Since the mass transfer coeffi cient for bare soil is much higher than for HDPE or VIF surfaces, the predicted emission rate could exceed the early peak. Th is type of behavior has been observed in laboratory column experiments (Gan et al., 2000) , where a signifi cant increase in emissions was observed immediately following removal of the tarp material. Gan et al. (2000) also observed a much higher peak emission during removal for less permeable plastic material.
Clearly, tarp removal has a signifi cant aff ect on the emission process. For the relatively permeable HDPE, the cumulative emission for the fi rst 5 d after application was 21% of the applied methyl bromide and for the peak 24-h period (0.6 ≤ t ≤ 1.6 d) was 6.1%. During the fi rst hour after tarp removal, 2.4% was lost; this increased to 12.5% by 24 h (i.e., Day 6). For the VIF, total emissions for the 5 d before removing the tarp were less than 0.04%. Cumulative emissions were 4% the fi rst hour after VIF removal and reached 19.1% after 24 h (i.e., 5 ≤ t ≤ 6 d). Th is information would be very useful to determine worker and public safety during and immediately after removal of the plastic. Field-scale fumigations require a more sophisticated analysis that includes the actual time a section of plastic is removed. Th is would provide a more accurate measure of the health eff ects. Further, adjusting the timing of plastic removal would allow dilution in the surrounding atmosphere and may provide a mitigation methodology.
Th e solution also allows prediction of soil pesticide concentration as shown in Fig. 4 , where the methyl bromide concentration in a soil profi le 30 min after injection is presented. Th is fi gure illustrates the eff ect of the shank in spreading the chemical in the soil and also explains why measured peak emissions often occur sooner than peak emissions predicted with pointsource simulations. Pesticide effi cacy may also be improved by providing a more uniform concentration distribution in the soil profi le. Th is may be especially important for less mobile pesticides. Figure 5 shows a comparison of the point-and shank-source simulation and measured methyl bromide data (Yates et al., 1996) . Th e measured soil-gas concentrations were collected approximately 0.75 d after application. Th e two solutions provide similar soil-gas phase concentrations with depth; however, the shank solution appears to more closely match the concentrations at 25 and 50 cm compared to the point-source solution. A more detailed data set would be required to more accurately investigate the diff erences between the solutions.
Conclusions
An analytical solution for the transport of volatile pesticides in porous media has been developed for point and shank sources. A numerical solution to the transport equation has been used to check the accuracy of the analytical solutions. Th e analytical solution may be useful for verifying the numerical accuracy of more comprehensive numerical solutions to the transport equations as well as for investigating some aspects of the transport process in fumigated soil which may be of use in creating regulations on soil fumigation.
Th e solutions compare reasonably well to fi eld data reported in the literature when using model parameters collected from a single fi eld experiment. For some comparisons, improvements could be made if the simulations and comparisons were made using data from their respective experiments. Even without this refi nement, the simulations describe the overall behavior observed in the fumigation studies.
Although these solutions should be useful as screening tools, especially when little site-specifi c data is needed or available, they do not provide a comprehensive description of all the factors that aff ect fumigant fate and transport. But for regional-scale analyses, which generally lack highly detailed site-specifi c information, the solutions should provide an appropriate level of detail and useful information for making regulatory decisions. 
